A method for determining the concentration of iodide in beer using high-performance liquid chromatography/electrochemical detection was developed. Simple sample pretreatment of beer was performed using a monolithic silica disk-packed spin column, with a recovery rate of 84.9%. Separation of iodide ions from other endogenous compounds was carried out using a mobile phase of 10 mM sodium phosphate buffer containing 8 mM hexadecyltrimethylammonium chloride on an ODS column, followed by electrochemical detection with a diamond electrode. The detection limit for iodide ion was 0.02 nM, and the calibration curve was linear in the range of 0.05-10 µM (R 2 = 0.9991). I applied this method to the determination of iodide in beer. The iodide concentrations in beer were 68±10.2 nM (mean±S.D., n=4).
Introduction
Iodine is an essential nutrient for the biosynthesis of thyroid hormones, which play a significant role in development, growth and basic metabolism. Insufficient iodine intake can cause Iodine deficiency disorders, whereas excessive iodine intake may cause goiter, hypothyroidism, or hyperthyroidism. Because most iodide is excreted in the urine, urinary iodide has been used as a marker of iodine status.
There are several methods for measuring iodine, such as spectrophotometric methods based on the catalytic effect of iodide on the oxidation of As (III) by Ce (IV) (Sandell-Kolthoff reaction), neutron activation analysis (NAA), and inductively coupled plasma mass spectrometry (ICP-MS) (Shelor & Dasgupta, 2011) . However, most applied analytical methodologies are time-consuming and expensive. An alternative to the above approaches is afforded by ion chromatography or ion-pair chromatography coupled to electrochemical detection (Kaiser et al., 2009; Malongo et al., 2008; Nguyen et al., 2012; Rebary et al., 2010; Rendl et al., 1994) . For the electrochemical detection, silver electrodes are commonly used. However, as silver is directly involved in the electrode reaction, it acts as a sacrificial anode, which causes poor reproducibility. Gold electrode or platinum electrode has been reported to be superior to silver electrode (Below & Kahlert, 2001; Cataldi et al., 2005) . In this study, I applied diamond electrode for iodide detection. Diamond electrode is known to be stable compared to silver electrode (Terashima et al., 2002) . Even when some compounds adsorb on the diamond electrode, they are easily washed out by only applying high potential.
In this study, I developed an analytical method for iodide using ion-paring LC with electrochemical detection. As most iodine enters the human body through ingestion, iodine contents of food is essential to estimate intake. Grain is the main source of iodide, and beer is made from grains. So far there is no report which measured iodide in beer, and, hence, the developed method was applied to beer samples.
Materials and Methods

Chemicals and Reagents
Sodium Iodide was obtained from Wako (Osaka, Japan). Sodium dihydrogen phosphate dehydrate, sodium dihydrogen phosphate dodecahydrate, and acetonitrile (HPLC grade) were purchased from Kishida Chemical (Osaka, Japan). Hexadecyltrimethylammonium chloride was from Tokyo Kasei (Tokyo, Japan). All the other chemicals and solvents were of analytical grade.
Chromatographic Conditions
The HPLC system consisted of a pump (PU1580, Jasco, Tokyo, Japan), a manual sample injector (Rheodyne 7725), a column oven (860-CO, Jasco), and an electrochemical detector (ED703, GL Sciences, Tokyo, Japan). The cell of the electrochemical detector was set to 1000 mV with a response time of 3 s. The chromatographic separation was achieved on InertSustain C18 column (250 mm × 3.0 mm; 5 μm particle size, GL Sciences, Tokyo, Japan). A mixture of 10 mM sodium phosphate buffer (pH 7.0) containing 8 mM hexadecyltrimethylammonium chloride/acetonitrile (60/40, v/v) was used as mobile phase at a flow rate of 0.6 mL/min. The column temperature was set at 35 °C.
Preparation of Calibration Standards and Beer Samples
Stock solutions of iodide were prepared at concentrations of 10 mM in water. Stock solutions were stored at −20 °C until use for the preparation of working solutions. From the stock solutions, working solutions for iodide were prepared in water at 0.05, 0.1, 0.5, 1, 5, and 10 µM . The injection volume was 20 µL.
Beer samples were obtained from a local store in Tokyo, Japan. Membrane filter used was Chromatodisc 25P (pore size, 0.45μm) (GL Sciences). For the pretreatment of beer samples using monolithic spin column, MonoSpin C18 (GL Sciences) was used. First, 0.2 mL of methanol was added to the column, and the column was centrifuged at 10000 rpm for 10 s. Then, 0.2 mL of water was added to the column, and the column was centrifuged at 10 000 rpm for 10 s. The beer sample (0.5 mL) was then applied to the conditioned monolithic spin column, and the column was centrifuged at 10 000 rpm for 30 s. Solution though the spin column was injected to HPLC system. For the recovery experiments, 500 nM of iodide was added to beer samples.
Method Validation
Calibration curves were constructed by plotting the peak area of iodide over the range of 0.05-10 µM . The linearity y = a + bx was established by using linear regression analysis. The limits of detection (LOD) and limits of quantitation (LOQ) were calculated on the basis of the response and slope of each regression equation at signal-to-noise ratios (S/N) of 3:1 and 10:1, respectively. Intraand inter-day precision were evaluated by replicate analyses of five sets of beer samples. Intraassay data were determined by comparing data from within run. For interday precision, measurements were conducted on five consecutive days.
Results and Discussion
Pretreatment of Beer Sample
First, the beer sample was analyzed just after the filtration with a membrane filter. Although the color was changed from camel to transparence after the filtration, there were many endogenous peaks when the filtrated sample was injected to the HPLC system. Hence, pretreatment was necessary to quantify iodide in beer, and monolithic silica spin columns were used for the pretreatment of beer ahead of LC analysis. Monolithic silica spin columns have some advantages such as small sample volumes analysis, easy operation by centrifugation, and fast sample preparation due to excellent mass transfer (Namera et al., 2011; Nonaka et al., 2014; Reichelt et al., 2012; Tsunoda et al., 2011; Tsunoda et al., 2013) . In this study, MonoSpin C18 with octadecyl functional groups and MonoSpin C18-CX with octadecyl and benzenesulfonic functional groups were compared. Several factors including conditioning and extraction solvent and extraction time were investigated in order to seek the most efficient extraction procedure. It was found that MonoSpin C18 was better with the optimized conditions described in the Experimental section. With the optimized conditions, the extraction recovery of iodide from the beer sample was 84.9%.
Optimization of Chromatographic Conditions
To retain iodide on the C18 column, an ion-pair reagent, hexadecyltrimethylammonium chloride, was added to a mobile phase consisting of phosphate buffer and acetonitrile. With the increase of ion-pair reagent, iodide was more effectively retained, and 1 mM was chosen because the peak of iodide was sufficiently retained.
To determine the optimal detection potential for electrochemical detection of iodide, a hydrodynamic voltammogram measurement was taken. As shown in Fig. 1 , the peak area increased up to 1000 mV and decreased at a potential higher than 1100 mV. Considering the background noise, 1000 mV was chosen for iodide detection. As mentioned in the Introduction, a diamond electrode was used due to its excellent features such as low background current, long-term stability of response, and good reproducibility of the current response. The diamond electrode in this study exhibited highly reproducible responses from day to day over a period of 1 month.
Fig. 1. Hydrodynamic voltammogram of iodide.
Application to Beer Samples
With the optimized LC conditions, beer samples were analyzed. However, iodide was not determined as it overlapped with endogenous compounds in beer. Hence, I increased the concentration of the ion-pair reagent, and found that 8 mM was necessary to separate iodide from endogenous compounds. Consequently, the final optimized mobile phase was 10 mM sodium phosphate buffer (pH 7.0) containing 8 mM hexadecyltrimethylammonium chloride/acetonitrile (60/40, v/v). As shown in Fig. 2(A) , iodide was retained at 10.7 min. Fig. 2(B) shows a chromatogram of beer sample. The iodide concentrations in beer were found to be 68±10.2 nM (mean±S.D., n=4). 
Method Validation
The developed method was validated to confirm that its performance was compatible with the required performance for the routine analysis of iodide. The calibration curve revealed good linearity for iodide from 0.05-10 µM. The linear equation for iodide was Y = 101318*X , with correlation coefficient of 0.9991. (Y is the peak area of iodide, and X is the concentration of iodide (µM)). The sensitivity of the developed method was assessed by determining the limits of detection (LOD) and quantification (LOQ). The LOD and LOQ under the optimized LC conditions were 0.02 and 0.05 µM, respectively. Precision was evaluated according to the interday and intraday variability. Intra-day assay CVs were 2.46% (n = 5), inter-day assay CVs 3.38% (n = 5), and accuracy 84%. These validation results indicated that the conditions of the established method could meet the requirement of quantitative analysis.
Conclusion
A simple analytical method for iodide, based on pretreatment using monolithic spin columns and high-performance liquid chromatography-electrochemical detection, was successfully developed. The presented method offers possibility for analysis of other food products.
